Two stable rough mutants of Salmonella spp. were studied as live peroral vaccines. The SF1591 mutant of S. typhimurium (Ra chemotype) protected germ-free piglets against subsequent infection with virulent smooth S. typhimurium LT2, whereas a deep-rough mutant of S. minnesota mR595 (Re chemotype) did not. We investigated cytokine and leukocyte profiles in the ilea of gnotobiotic piglets colonized for 1 week either with rough mutants alone or with rough mutants followed by S. typhimurium LT2. The ileal mucosae of piglets associated with strain SF1591 alone were not inflamed. Villi contained activated macrophages, and enterocytes expressed transforming growth factor ␤ (TGF-␤). Subsequent infection of piglets with S. typhimurium LT2 resulted in immigration of ␣␤ T cells and immunoglobulin A (IgA) response. In contrast, the ileal mucosae of piglets associated with strain mR595 alone expressed heat shock proteins and inflammatory cytokines but not TGF-␤. Acellular villi contained numerous ␥␦ T cells but no ␣␤ T cells. After subsequent challenge with the LT2 strain, most piglets died of sepsis. Intestinal mucosae contained IgG but no IgA. These findings suggest the importance of cytokine signals in the regulation of intestinal responses against Salmonella infection.
The interactions of Salmonella organisms with enterocyte receptors trigger a complex cascade leading to internalization of bacteria. Lipopolysaccharide (LPS) and porins induce secretion of tumor necrosis factor alpha (TNF-␣), interleukin-1 (IL-1), IL-6, and gamma interferon (IFN-␥), which results in inflammation. Bacteria cross the epithelium and disseminate, hidden in macrophage vacuoles, beyond the intestine. Intact humoral and T-cell responses are both required for full protection against infection with Salmonella (13).
The pathogenicity of rough Salmonella mutants which are devoid of long oligosaccharide chains is highly reduced. Even germ-free (GF) piglets which are extremely sensitive to infectious agents survive peroral challenge. These unique animals lack maternal antibodies and contain only traces of immunoglobulin M (IgM) and IgG during the perinatal period, whereas IgA is not detectable (18) . The GF model enables the exclusion of the effects of the colonization resistance seen in conventional animals, i.e., the ability of endogenous intestinal microflora to hamper an invasion of pathogenic bacteria (20) .
It has been shown recently that germ-free piglets colonized with some rough Salmonella strains survive subsequent infection with virulent smooth strain S. typhimurium LT2. The colonization of germ-free piglets with a stable rough mutant of S. typhimurium SF1591 resulted in protection against the virulent smooth strain, whereas the colonization of piglets with a deeprough mutant of S. minnesota mR595 of the Re chemotype (containing only lipid A and KDO [2-keto-3-deoxyoctulosonic acid]) led to sepsis and death after challenge with the virulent smooth strain (4) .
Many differences in local immune responses against the above-mentioned rough mutants of Salmonella in the terminal ilea of gnotobiotic piglets associated perorally with these microorganisms were observed. These differences may explain the mechanism of protection involved.
MATERIALS AND METHODS
Rough Salmonella mutants. S. typhimurium SF1591 is a stable mutant (Ra chemotype with the complete core of the LPS) with a deletion in the his locus. S. minnesota mR595 is a deep-rough mutant (Re chemotype) with LPS containing only lipid A and KDO. Both strains are sensitive to streptomycin. They readily colonized the intestinal tracts of GF piglets and were found to be stable during the whole experiment. All animals survived, and only light diarrhea and fever was registered in some piglets colonized with strain SF1591, which disseminated readily in the host organism during the first days after colonization, followed by a slow decline in subsequent weeks.
Smooth S. typhimurium strain. S. typhimurium LT2 is a streptomycin-resistant mutant obtained by plating the wild-type strain (10 10 bacteria per plate) on meat-peptone agar containing 200 g of streptomycin per ml. Both agglutinability and pathogenicity of the selected mutant were comparable to those of the original strain. The original wild-type strain and both rough mutants were obtained from O. Lüderitz (Max Planck Institut für Immunobiologie, Freiburg in Breisgau, Germany).
Animals. Miniature piglets of the Minnesota breed were used. Eighteen piglets were delivered by hysterectomy under halothane-oxygen anesthesia on the 110th day of gestation and held in GF conditions. They were fed a milk diet supplemented with vitamins (11, 19) . A control group of three GF piglets was kept in a separate isolator for 2 weeks and then sacrificed.
Fifteen 1-week-old GF piglets were divided into two groups: eight piglets were infected perorally by 5 ϫ 10 8 bacteria of the SF1591 mutant, and seven piglets were infected with the same dose of the mR595 mutant. Three animals from each group (group 1591 and group 595) were sacrificed 1 week later.
Five gnotobiotic piglets associated for 1 week with the SF1591 mutant and four similarly associated with the mR595 mutant were infected perorally with 5 ϫ 10 8 cells of streptomycin-resistant S. typhimurium LT2. Starting from this time, these piglets were fed milk containing 100 g of streptomycin per ml. This technique was proven to be 100% effective in changing completely the streptomycin-sensitive population of rough-strain bacteria in the intestine to the streptomycinresistant smooth strain of S. typhimurium. The stability of the rough mutants and the effectivity of subsequent colonization by the smooth strain were controlled by repeated agglutination of isolated colonies with specific agglutinating antisera.
Piglets infected with SF1591 followed by subsequent infection with strain LT2 (group 1591 ϩ LT2) were sacrificed one week after infection with the LT2 strain.
Piglets infected with the LT2 strain after colonization with the mR595 strain (group 595 ϩ LT2) did not thrive, and they developed fever and diarrhea; samples were taken in septic state 2, 3, 6, and 8 days after infection with the LT2 strain.
All animals were sacrificed under anesthesia by heart puncture. The experiments were approved by the Ethical Committee of the Institute of Microbiology.
Immunohistology. Samples of the terminal ilea, spleens, mesenteric lymph nodes, livers, and lungs were snap-frozen in isopentane and liquid nitrogen and cut in a Reichert cryostat. Sections on slides coated with Vectabond (Vector Laboratories, Burlingame, Calif.) were air dried and fixed for 5 min in cold acetone. Dry slides were kept thereafter at Ϫ25°C until use (not more than 2 months).
APAAP. Sections washed in Tris-buffered saline were incubated with mouse monoclonal antibody optimally diluted (1:2 to 1:400) and treated with the DAKO alkaline phosphatase-antiphosphatase (APAAP) kit according to the manufacturer's instructions (DAKO, Glostrup, Denmark). Briefly, anti-mouse Ig was diluted 1:25, and APAAP was diluted 1:50. A fast red system with levamisole inhibition was used for the detection of the enzymatic marker. Sections mounted in Glycergel medium were immediately observed and photographed.
Negative controls without primary antibodies or with irrelevant monoclonal antibodies of the same isotype and dilution instead of specific ones were used. Samples known to contain relevant antigens (at least in other species studied) served as positive controls.
Immunofluorescence. Swine leukocyte differentiation antigens and monoclonal antibodies recognizing them were recently reviewed (16) . Specific porcine markers SWC3 (expressed on macrophages-granulocytes) and SWC6 (null ␥␦ T cells) were also studied. The panel of anti-porcine antibodies was completed with cross-reactive anti-human antibodies. (Porcine transforming growth factor ␤ [TGF-␤] and IL-8 have 97 and 80% homology with human cytokines, respectively; the 86D antibody reacts with ungulate WC antigen of ␥␦ T cells; and heat shock proteins express interspecies homology.)
The sources and specificities of the monoclonal antibodies used in this work are shown in Table 1 .
Anti-mouse immunoglobulins labelled with fluorescein isothiocyanate were purchased from Medicamenta (Vysoké, Mýto, Czech Republic).
RESULTS

GF piglets.
IgA was not found in the mucosae of GF piglets until 1 month after birth. IgG ϩ and IgA ϩ cells were distributed mainly in the thymic medullae; only a few of them were localized in secondary lymphatic organs. The gut-associated lymphatic tissues were poorly developed. Small follicles contained major histocompatibility complex class II-positive (MHC II ϩ ) (SLA-DR ϩ ) cells, and there were some macrophages and T cells in the interfollicular area. The intestinal villi of GF piglets were devoid of T cells, and their epithelia contained large cytoplasmic vacuoles persisting for 6 weeks after birth. These vacuoles disappeared, however, in Salmonella-challenged animals.
GF piglets colonized with S. typhimurium SF1591. The ileal villi of the GF gnotobiotic animals contained numerous activated macrophages (strongly expressing SLA-DR) but only a few T cells (Fig. 1A) . Their epithelia expressed TGF-␤ strongly (Fig. 1C) and TNF-␣ weakly, but they expressed no heat shock proteins ( Table 2 ). The interfollicular areas contained numerous CD4 ϩ but few CD8 ϩ ␣␤ T cells. (Table 3 ). An area of 0.25 mm 2 of ileal mucosa contained 23 Ϯ 7 CD21
ϩ B cells (mean Ϯ standard deviation). The CD11a integrin chain was expressed weakly in the laminae propriae, and E-selectin was not detected.
GF piglets colonized with S. minnesota mR595. The ileal villi were inflamed and stuffed with MAC320 ϩ ␥␦ T cells (Fig.  1B) . Neither ␣␤ T cells nor macrophages were found in this site. Many enterocytes and stromal cells expressed heat shock proteins. Enterocytes strongly expressed TNF-␣ but not TGF-␤ (Fig. 1D) . of ileal mucosa contained 129 Ϯ 49 CD21 ϩ B cells, significantly more than the previous group. CD11a chain and E-selectin were strongly expressed in the laminae propriae. The interfollicular area contained few CD4 ϩ T cells. GF piglets infected with S. typhimurium LT2 after colonization with SF1591. The ileal villi contained activated macrophages and ␣␤ T cells (mostly CD4 ϩ ), both expressing SLA-DR molecules. MAC320 ϩ ␥␦ T cells were rare (Table 4) .
Heat shock proteins were expressed in the crypts but not in the villi (Fig. 1E) . TNF-␣ was expressed, but TGF-␤ was not. Lymphatic follicles contained numerous SLA-DR ϩ and IgM ϩ cells but no IgG ϩ cells. SLA-DR ϩ cells were found also in the livers and lungs. IgG ϩ cells were found in intercryptic areas. On the other hand, IgA was found in follicular plasma cells, crypts, epithelia (Fig. 1F) , and mucus and on the surfaces of intraluminal salmonellae (Fig. 1G) ϩ ). Heat shock proteins were expressed in all enterocytes (Fig. 1H) IgA ϩ cells and mucosal IgA were lacking in these animals (Fig. 1I) .
DISCUSSION
Salmonella infection of the gastrointestinal tract results in inflammation of the mucosae. Using a murine intestinal loop, Klimpel et al. (10) have shown that fluids contained significant levels of IL-1␣, IL-6, TNF-␣, and IFN-␥, but no IL-2, IL-4, or IL-10 (TH1-like cytokine profile) at 18 h after challenge with S. typhimurium. Early inflammatory changes in response to salmonellosis are dependent upon TNF-␣ production. Macrophages of the lamina propria were shown to produce TNF-␣ at 2 to 6 h postinfection (1, 8) . Intestinal fluid obtained from a Salmonella-challenged loop contained also a high level of stem cell factor (9) . Some cytokines can deeply influence the invasion of epithelial cells by S. typhimurium. Eckmann et al. (5) concluded that the invasion of epithelial cells by Salmonella spp. was correlated with the signal inducing enterocytes to produce and secrete IL-8. Galan et al. (6) have found that invasion requires the phosphorylation of the epidermal growth factor receptor. The stem cell factor and IFN-␥ increase the resistance of epithelial cells against Salmonella invasion (3, 9) . We have found IFN-␥ and IL-8 in the laminae propriae of piglets infected with the Salmonella mR595 mutant, which was not able to penetrate the host as easily as was the SF1591 mutant.
In the pig, the ileum contains a single Peyer's plaque (extending up to 2 m in length and containing the majority of gut-associated lymphatic tissue [GALT]). Peyer's plaque is the site of antigen uptake and stimulation of TH cells and IgA precursor cells. This structure is also important for the entry of Salmonella microorganisms. Peyer's plaque is already developed in the pig before birth, but the whole GALT is underdeveloped in newborns and GF piglets (15) . There are only few T cells, and the lymphatic follicles contain IgM ϩ B cells. Antigen-presenting cells expressing MHC II antigens are frequent in this immature GALT.
Enterocytes of piglets infected with the SF1591 mutant produced TGF-␤. This cytokine (7, 17) is known to downregulate the secretion of IFN-␥, IL-1, and TNF-␣, decrease some deleterious effects of LPS in enterobacterial infections, induce macrophage immigration, and stimulate IgA production (21) . All of these effects were found in SF1591-infected gnotobiotic piglets which produced IgA when challenged with the virulent LT2 strain.
No TGF-␤ was detected after mR595 mutant challenge. Infection of these animals with the virulent LT2 strain had fatal consequences. Animals lacked ␣␤ T cells and IgA in the ilea. It seems that a cytotoxic TH1 differentiation route characterized by the presence of inflammatory cytokines, heat shock proteins and null ␥␦ T cells was induced by this mutant, whereas a TH2 route with protective IgA antibodies and ␣␤ T cells was elicited by the SF1591 mutant.
Inflamed ileal villi of piglets colonized with the mR595 mutant contained a large population of null T lymphocytes lacking CD2, CD4, and CD8 markers, which carry a novel high-molecular-weight antigen family shown by MAbs MAC320 and MAC319 and include ␥␦ T cell populations (2) . The entry of these cells into inflamed skin was recently described (22) . We have found MAC320
ϩ ␥␦ T cells in inflamed villi of piglets infected with the mR595 mutant. The frequency of appearance of these cells was in correlation with the expression of heat shock proteins in piglets associated with rough mutants only. Both bacterial (MAb ML30) and mammalian (MAb H4149) heat shock proteins were present in piglets infected with the mR595 mutant, but only a few cells expressed heat shock proteins in SF1591-associated piglets.
Acute inflammation in salmonellosis is dominated by neutrophils (12) . With time, macrophages increase in number to facilitate elimination of dead material and to present bacterial antigens to T cells. Using two different MAbs directed against epitopes expressed on the membranes of porcine myeloid cells, we were able to distinguish between macrophages and granulocytes. MAb 74-22-15 recognizes both macrophages and neutrophils, and MAb MIL-4 reacts with granulocytes but not macrophages. Eosinophils were easily recognized by their granulation. There were no significant differences in granulocyte numbers between groups of animals colonized by different Salmonella rough mutants.
Macrophages occurred in the ileal villi of piglets infected with the SF1591 mutant, whereas inflamed villi of piglets infected with the mR595 mutant were devoid of them and contained only ␥␦ T cells. The SLA-DR molecules (MHC II antigens) were expressed in the lymphatic follicles of all piglets studied and also on activated stromal villous cells in piglets infected with the SF1591 (but not mR595) mutant and in piglets subsequently infected with the virulent LT2 strain. The other type of MHC II antigens, the SLA-DQ molecules, was expressed in follicular cells of piglets colonized with mR595 but not with the SF1591 rough mutant.
In animals colonized with strain mR595, only a few bacteria were found in mesenteric lymph nodes, whereas many bacteria penetrated into mesenteric lymph nodes, spleens, and livers in piglets colonized with strain SF1591 (4). All piglets colonized with deep-rough mutant mR595 died of sepsis postchallenge with the virulent Salmonella strain, in contrast to piglets previously colonized with strain SF1591. These differences correlate with differences in the types of immune responses to relevant microorganisms.
